Inter-experimental variations of projected future changes in TGF and TC genesis number are caused mainly by differences in large-scale dynamical parameters and SST anomalies. Thermodynamic parameters are of secondary importance for variations in TGF and TC genesis number. These results imply that differences in SST spatial patterns can cause substantial variations and uncertainties in projected future changes of TGF and TC numbers at ocean-basin scales.
Introduction
Projections of the potential impacts of global warming on regional tropical cyclone (TC) activity are important for estimations of potential future socio-economic losses. Both theory (Emanuel 1987 ) and modelling studies (Knutson et al. 2010) suggest that the TC intensity could increase with global warming (IPCC 2007) ; however, projected changes in the TC genesis number have varied considerably, especially at the ocean-basin scale (IPCC 2007; Emanuel 2008; Zhao et al. 2009; Knutson et al. 2010 ). This inconsistency among projections arises from a number of factors, including differences in assumed spatial patterns of future changes in sea surface temperature (SST; Sugi et al. 2009; Zhao et al. 2009 ), differences in model physical parameterisations (Walsh et al. 2010) , differences in the chosen global warming scenario (Stowasser et al. 2007) , and differences in the methods used to detect TCs (Walsh et al. 2007) .
Although some studies have addressed uncertainties due to variations in assumed future changes in SST (Emanuel 2008; Sugi et al. 2009; Zhao et al. 2009 ), there has been little work that addresses uncertainties that arise from H. Murakami (&) Japan Agency for Marine-Earth Science and Technology (JAMSTEC)/Meteorological Research Institute (MRI), 1-1, Nagamine, Tsukuba, Ibaraki 305-0052, Japan e-mail: hir.murakami@gmail.com differences in model physics. Several studies have compared and contrasted results from various World Climate Research Programme's Coupled Model Inter-comparison Project phase 3 (CMIP3) models (e.g., Walsh et al. 2010) ; however, it is difficult to identify the causes of differences in the projections because the analysed models differ in multiple ways (e.g., model resolutions, dynamical representations, and physical parameterisations).
In this study, we conduct ensemble projections that consider differences in both tropical spatial patterns of SST changes and model physics, particularly the cumulus parameterisation scheme. This approach allows us to address of the relative impacts of differences in projected SST changes and differences in model physics on projected future changes in global and regional TC activity. A key factor in projecting future climate change is to derive robust signals across different model physics and different future SST patterns. Li et al. (2010) examined the sensitivity of future TC projections with various global highresolution (40-50-km-mesh) models and various future SST patterns. In the present study, we extend this methodology by examining the same model but with different physical packages, forced with different groups of future SST patterns derived from eighteen IPCC Fourth Assessment Report (AR4) coupled models.
The remainder of this paper is organised as follows. Section 2 briefly describes the models, experimental design, and analysis methods. Section 3 presents the results. Section 4 discusses the results in the context of previous work and provides a summary of the conclusions.
Methods

Models
The model used in this study is the Meteorological Research Institute Atmospheric General Circulation Model (MRI-AGCM) version 3.2 . The model simulations are run at a horizontal resolution of T L 319 (equivalent to 60-km-mesh). The model is equipped with multiple cumulus convection schemes, which can be easily switched. In this study, three cumulus convection schemes are used to develop the multi-physics ensemble simulations: a prognostic Arakawa-Schubert (AS) cumulus convection scheme (Arakawa and Schubert 1974; Randall and Pan 1993) ; a new cumulus convection scheme, called the ''Yoshimura scheme (YS)'' after a model developer at the MRI (Yukimoto et al. 2011) ; and a Kain-Fritsch (KF) convection scheme Fritsch 1990, 1993) . The YS scheme is based on the Tiedtke (1989) scheme, and accounts for multiple detailed entraining and detraining plumes by interpolating two convective updrafts with different rates of turbulent entrainment and detrainment (Yukimoto et al. 2011) . The use of the YS scheme in the MRI-AGCM yields a more realistic simulation of tropical precipitation than the use of the AS scheme ).
Lower boundary conditions
The simulation settings and observational datasets are identical to those used in several previous studies (Murakami and Sugi 2010; Murakami and Wang 2010; Murakami et al. 2011) . A so-called ''time-slice'' method (Bengtsson et al. 1996) is applied, in which the high-resolution AGCM is forced by setting the lower boundary conditions to prescribed SSTs. The control realisation is an ''AMIP (Atmospheric Model Intercomparison Project)''-style simulation in which the lower boundary conditions are prescribed as observed monthly mean SSTs and sea ice concentrations (SICs) during 1979-2003 according to the Hadley Centre Global Sea Ice and Sea Surface Temperature dataset (HadISST1; Rayner et al. 2003) .
The targeted projection window for the future climate is the last quarter of the 21st century . For the SST-ensemble projections, four different projections of future SSTs are prescribed, each of which have a different spatial SST anomaly pattern. One of these patterns is the multi-model ensemble mean of SST computed from future projections by the 18 CMIP3 models under the Special Report on Emission Scenarios (SRES) A1B scenario (IPCC 2007) . The other three patterns are created using a cluster analysis, in which normalised tropical SST anomalies derived from the 18 CMIP3 models are grouped to avoid subjective selection of single model. The procedure for the cluster analysis is as follows. values is computed between each pair of models. 5. Norms (or distances) are defined as 2 9 (1 -r) for each model, and the cluster analysis is performed using these norms. A small distance between two models indicates they share similar spatial patterns in future changes in tropical SST. Clustering is based on the Single-linkage (or minimum-distance) method (Wilks 2006) , in which the smallest distance between two models (or groups) is joined step-by-step. When the final three groups are bounded, the clustering procedure is terminated. Figure 1 shows a dendrogram, reflecting the clustering of the 18 CMIP3 models listed in Table 1 . Each cluster consists of five or seven models. Only three cluster groups are identified, because a greater number of groups would increase the risk that the results would be dominated by a single outlier model. Detrended observed interannual variations are added to the computed future anomalies (see Mizuta et al. 2008 for the details), with the assumption that interannual variations of SSTs in the future projection are similar to those of the present-day. Figure 2 shows all four prescribed future changes in the annual-mean SST. Note that SST warming in the CMIP3 ensemble mean (Fig. 2a) is spatially inhomogeneous (Xie et al. 2010 ): a greater warming occurs in the northern tropics than in the southern tropics. The greatest SST warming occurs in the tropical and subtropical central Pacific, tropical Atlantic, and tropical Indian Ocean. The three grouped cluster SSTs are shown in Fig. 2b -d. Cluster 1 (Fig. 2b) shows less warming over the central Pacific relative to the CMIP3 ensemble mean and the other clusters, so that the spatial variation in the tropics is small. Cluster 2 (Fig. 2c) is similar to the CMIP3 ensemble mean, but with greater warming in the Indian Ocean than the other prescribed SSTs. Cluster 3 (Fig. 2d) has the largest spatial variation in the tropics among all of the prescribed SSTs, and shows relatively large warming of SSTs in the tropical western Pacific and subtropical central Pacific.
In all, 12 ensemble simulations are conducted (3 cumulus schemes 9 4 projected future patterns of SSTs). Table 2 lists all of the experiments. An additional simulation that assumes a globally uniform projected SST change of ?1.83 K (the global mean SST increase between 1979-2003 and 2075-2099) is also conducted for comparison with the experiments in which SST changes vary spatially. The YS convection scheme is used in this additional simulation. For convenience, the abbreviations listed in Table 2 will be used throughout the remainder of this paper to refer to the experiments.
Observational dataset
The TC climatology for the control simulations is validated using the global TC dataset compiled on the Unisys Corporation website (Unisys 2012) . This dataset consists of best-track TC data provided by the National Hurricane Center (NHC) and Joint Typhoon Warning Center (JTWC), and contains historical TC information, such as the location, intensity (maximum 1-min surface wind speed), and central sea level pressure (SLP) of TCs at 6-h intervals from 1851 to 2011 (note that the record period is basindependent). This study considers only TCs of tropical storm intensity or stronger (i.e., TCs that possess 1-min 
Detection algorithm for tropical cyclones
TCs are detected in the model by evaluating 6-hourly model outputs using globally uniform criteria. These criteria are based on those described by Oouchi et al. (2006) , but with some modifications . Some criteria are optimised for a given model configuration to ensure that the present-day global annual mean TC number matches that observed (about 84 per year for the period . The values listed in parentheses after each of the following criteria show the model-dependent values used for the optimisation (from left, values are for experiments using YS, KF, and AS convection schemes, respectively).
1. The maximum relative vorticity at 850 hPa exceeds (8.0 9 10 -5 , 2.1 9 10 -4 , and 1.0 9 10 -5 ) s -1 . 2. The maximum wind speed at 850 hPa exceeds (13.0, 22.0, and 11.5) m s -1 . 3. There is an evident warm core aloft. Namely, the sum of the temperature deviations at 300, 500, and 700 hPa exceeds (0.8, 2.0, and 0.5) K. The temperature deviation for each level is computed by subtracting the maximum temperature from the mean temperature over the 10°9 10°grid box centred nearest to the location of maximum 850 hPa vorticity. 4. The maximum wind speed at 850 hPa is greater than the maximum wind speed at 300 hPa.
To remove tropical depressions in the North Indian
Ocean (NIO), the radius of maximum mean wind speed must be less than 200 km from the detected storm centre. This condition is applied in the NIO only. 6. The duration of each detected storm must exceed 36 h.
To prevent double TC counts arising from detection and termination within a single 6-h time step, termination during a single time step is allowed.
Note that the model-dependent detection thresholds are highly variable, reflecting differences in the mean TC intensity among the cumulus convection schemes. Figure 3 shows observed TC tracks and intensities along with the distributions of TC tracks and intensities simulated by the control model configurations. The YS and KF control simulations perform better in capturing the observed distribution and intensity of TCs than does the AS control simulation. Murakami et al. (2012) considered the reason why the YS and KF schemes simulate more intense TCs than does the AS scheme. Briefly, convective heating is more tightly constrained in the YS and KF schemes, which appears to induce intense grid-scale upward motions and to promote large-scale condensation, resulting in the development of a more intense TC.
Criterion (5) is necessary because we found that monsoon depressions in the North Indian Ocean may be erroneously detected as TCs during the monsoon season regardless of the other detection criteria. Monsoon depressions have some characteristics in common with TCs. The monsoon depression in the North Indian Ocean is a cyclonic low-pressure system that forms within the monsoon trough during the monsoon season, characterized by (1) a large horizontal scale of 2,000-3,000 km; (2) maximum wind speeds located at more than 200 km from the centre of the system; and (3) a low vertical structure that extends up to 8 km (Ding and Sikka 2006) . The effects of strong wind shear mean that monsoon depressions never develop into a TC during the monsoon season; hence, the use of another criterion, based on vertical wind shear, may be able to distinguish between monsoon depressions and TCs.
All models tend to underestimate TC numbers in the North Atlantic, and overestimate TC numbers in the Southern Hemisphere. These model biases should be taken into account for meaningful projections of future changes in TC activity. The future changes for each ensemble simulation are computed by taking the difference between each individual future projection and its related control simulation, implying that model biases could be inherited by projections of future change. Model performance should be optimized for most reliable future projections; however, all the models are considered here both to show how models using different cumulus schemes respond to the same changes in SST, and to identify points of consistency in the different future projections. TC positions are counted for each 2.5°9 2.5°grid box within the global domain at 6-hourly intervals. The TC frequency (TCF) is defined as the total count for each grid box. The location of TC genesis is defined as the position at which the TC is first detected, and the TC genesis frequency (TGF) is defined similarly to TCF. Because the computed frequency fields are noisy, they are smoothed using a weighted 9-point average, for which the weights depend on distance from the centre of the grid box. The results of this study are robust even if 5.0°9 5.0°grid boxes are used instead of 2.5°9 2.5°grid boxes.
Nine ocean basins are considered in this analysis: global (GL), Northern Hemisphere (NH), Southern Hemisphere (SH), North Indian Ocean (NIO), Western North Pacific (WNP), Eastern North Pacific (ENP), North Atlantic (NAT), South Indian Ocean (SIO), and South Pacific Ocean (SPO) (see Fig. 3 for regional boundaries). Figure 4 shows projected fractional future changes in TC genesis number for each ensemble experiment. The projected global TC numbers are significantly reduced in the future climate projections by amounts ranging from 5 to 35%. The standard deviations of the projected fractional future changes are small (about 5%), indicating that the reductions in TC numbers at the global scale are robust among these experiments. Cluster 3 SST experiments show slightly smaller reductions than the other SST experiments for all three cumulus convection schemes. The number of TCs is also projected to decrease significantly at the hemispheric scale by most of the experiments; however, the Cluster 3 experiments show relatively smaller decreases in NH and relatively larger decreases in the SH than the other experiments. These results indicate that projections of future changes in TC numbers depend to some extent on the spatial pattern of prescribed SST changes.
Results
Projected future changes in TC genesis number
The majority of the experiments show reductions in projected TC numbers in WNP, SIO, and SPO. Changes in TC numbers in other basins vary substantially among the experiments, in both sign and amount. Variations caused by different SSTs appear to be larger than those caused by different cumulus schemes in WNP, ENP, and SIO, indicating that uncertainties in projected SST spatial patterns introduce uncertainties in future changes in TC numbers in these basins. In NIO, NAT, and SPO, on the other hand, changes in TC numbers appear to depend on the choice of cumulus convection scheme, indicating that differences in model representations of physical processes may also be an important source of uncertainty.
Projected future reductions in TC numbers at the global and hemispheric scales appear to be robust among the experiments; however, changes in individual ocean basins vary substantially with different prescribed SST spatial patterns and cumulus convection schemes. These regional discrepancies underscore continuing uncertainties regarding how TC activity is likely to change at the basin-scale.
3.2 Projected future changes in TCF and TGF Figure 5 shows ensemble mean projected future changes in the spatial distributions of TCF and TGF. Locations where these changes are robust (i.e., the mean future change is statistically significant at the 90% confidence level and changes in more than 10 out of 12 individual experiments are of the same sign as the mean future change) are marked with crosses. Both TCF and TGF are projected to decrease significantly and robustly in the western WNP, eastern ENP, western NAT, SIO, and SPO, and both quantities increase significantly in the central Pacific. This latter result indicates a potential future increase in TC-related economic damage in the Hawaiian region. TC genesis is also projected to shift poleward in the both hemispheres in the future climate.
As described in Sect. 3.1, the projected TC number varies significantly with the different prescribed spatial patterns of future SST in the WNP, ENP, and SIO ocean basins. Figure 6 shows the ensemble mean of future changes in TGF and SST anomaly (S a ) averaged for experiments with either the same SST or the same cumulus convection scheme. The S a is computed by subtracting the tropical mean (30°S-30°N) change in SST from the local change in SST. Locations where S a increases substantially show large increases in TGF as well. For example, relatively large increases in TGF occur in the Cluster 3 SST ensemble (Fig. 6d) in both the central Pacific and subtropical central Pacific, where S a is also substantially increased. This positive correlation between maximum S a and positive TGF anomaly has also been reported in recent studies of future climate projections (Sugi et al. 2009; Zhao et al. 2009 ) and present-day seasonal predictions ) over NAT. Reductions in TGF are not necessarily collocated with minima in S a , however: none of the substantial projected decreases in TGF over WNP, SIO, and SPO appear to be related to minima in S a . This decoupling of S a minima and TGF causes the global pattern correlation between the two quantities to be small, despite the strong correlation between S a maxima and TGF. An additional experiment, for which the prescribed change in SST is globally uniform (Fig. 6h) , projects a similar spatial pattern of future changes in TGF to that of the ensemble mean (Fig. 5b) , with substantial decrease in TGF in the WNP, eastern ENP, SIO, and SPO, and an increase over the central Pacific. This indicates that the basic spatial pattern of projected TGF changes is formed by the underlying global warming. Local positive S a appears to add a positive TGF anomaly in the underlying changes in TGF spatial pattern.
Figure 6e-g compares ensemble experiments using different convective schemes. Differences among experiments with different cumulus convection schemes are small, Cross marks indicate that the differences are statistically significant at the 90% confidence level or above according to the two-sided Student's t test and that more than 10 experiments (approximately 80% of all ensemble experiments) project mean changes of the same sign indicating that projected future global changes in TGF are largely independent of the chosen cumulus convection scheme in the MRI-AGCM.
Future changes in large-scale parameters
In addition to S a , several other factors may possibly be associated with TC genesis frequency. A number of previous studies have reported relationships between largescale dynamical and thermodynamic parameters, and variations in TC genesis (Gray 1968; Emanuel and Nolan 2004) . The response of large-scale atmospheric parameters may vary with differences in the model physics, even if the prescribed SST is the same. This section examines the extent to which projected future changes in TGF can be explained by large-scale parameters, as well as how much projected future changes in these large-scale parameters vary among the ensemble experiments.
The analysed large-scale parameters were identified by Emanuel and Nolan (2004) , and are known collectively as Genesis Potential Index (GPI): relative vorticity at 850 hPa (g 850 ), relative humidity at 700 hPa (RH), maximum potential intensity (V pot ; Emanuel 1995) , and vertical wind shear between 200 and 850 hPa (V s ). In addition to the GPI factors, Murakami and Wang (2010) and Murakami et al. (2011) suggested that vertical pressure-velocity at 500 hPa (x 500 ) is necessary to reflect projected future changes in TGF. Emanuel (2008) suggested that saturation deficit in the lower troposphere may be related to future changes in TC genesis numbers. The saturation deficit is defined in this study as
where v is the saturation deficit [Pa] , e w is the saturation vapour pressure, e is the actual vapour pressure, and RH is relative humidity at 700 hPa. Sugi et al. (2002) and Bengtsson et al. (2007) further suggested that an increase in atmospheric static stability could cause a decrease in the global TC frequency, where static stability (C d ) is defined as the difference in potential temperature between 200 and 850 hPa. Li et al. (2010) suggested that variance of synoptic scale disturbances (D; Lau and Lau 1990) , which is defined as the variance of 2-8-days band-pass filtered 850 hPa vorticity, could also explain projected future changes in TGF. Vertical easterly shear favours the development of synoptic-scale disturbances (Wang and Xie 1996; Li 2006) . Vertical zonal-wind shear (V zs ) is defined as the difference in zonal wind between 200 and 850 hPa (i.e., negative values indicate easterly shear, which is favourable for low-level disturbances). These parameters are correlated with and depend upon each other to varying degrees. Furthermore, because TC existence may affect the monthly mean fields in regions where TCF is large, grid cells with values of TCF greater than 3.0 have been removed from monthly mean data prior to calculation of the climatological monthly means. Following Held and Zhao (2011) , the relevance of these large-scale parameters to the projected future changes in TGF is examined by computing the climatological mean field of the filtered large-scale parameter, weighting the 12 climatological months by the sum of TGF in the control simulation and future projection for each 2.5°9 2.5°grid box as:
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where (x, y) describes the location of the grid box, t is the month, A t is the climatological monthly mean of a largescale parameter for the month t, and G t is the climatological monthly mean TGF summed over both the control and future experiments for the month t. Weighting the climatological mean by TGF reduces the effects of months during which TC genesis seldom occurs on the mean field. G t varies according to the pair of present and future experiments. The results of this study are generally robust even if G t is fixed as a summation of monthly TGFs for all present and future experiments. Figure 7 shows ensemble mean spatial distributions for the large-scale parameters. The global pattern correlation between the plotted quantity and projected TGF are shown in the bottom right corner of each panel in Fig. 7 , and the basin-scale pattern correlations are listed in Table 3 . The global pattern correlations are quite low, with values of approximately 0.33 at most. The dynamical factors of g 850 , x 500 , and D are more highly correlated with projected changes in TGF than the thermodynamic parameters, with the exception of C d . This implies that future changes in dynamical factors are more influential than future changes in thermodynamic factors in determining future changes in the spatial pattern of TGF. The highest pattern-correlation field with the ensemble mean future change in the TGF pattern is D, thereby supporting the argument that D is a major field that differentiates the distinctive regional characteristics of projected TC changes (Li et al. 2010; Li 2011) . The spatial distribution of D is strongly correlated with that of V zs (Li et al. 2010) , except for NAT and SIO, indicating that the activity of synoptic-scale disturbances will be enhanced in easterly-shear-anomaly regions in the future. The increase in easterly vertical wind shear in the central Pacific may be due to the increase in diabatic heating in the central and eastern Pacific (as seen in x 500 in Fig. 7i ) which is accompanied by an increase in S a (Fig. 7a) . In turn, the increase in diabatic heating induces low-level convergence (i.e., westerly flow) and upper-level divergence (i.e., easterly flow) over the central Pacific, resulting in an increase in the easterly vertical wind shear (Li et al. 2010) . The spatial distribution of g 850 (Fig. 7f ) also appears to be related to that of diabatic heating through the Rossby wave response (Gill 1980; Murakami et al. 2011 ); i.e., cyclonic vorticity anomalies appear at the northwest (southwest) flank of upward motion anomalies in the NH (SH).
Tripole spatial patterns are apparent in NAT for most variables, which is consistent with the findings of Vecchi and Soden (2007b) and Murakami and Wang (2010) ; however, these spatial patterns are not well correlated with the ensemble mean TGF pattern (Fig. 5b) , resulting in small spatial correlation coefficients in NAT (Table 3) . The reason for these weak correlations is unclear, although they may relate to the large biases in TC climatology in the control simulations (Fig. 3) .
A near-zero pattern correlation between V pot and Fig. 5b suggests that this thermodynamic factor, which is primarily determined by the future SST pattern, does not determine the future regional-scale TC projection. Other thermodynamic parameters, such as v (Fig. 7d ) and C d (Fig. 7e) , are spatially homogeneous relative to dynamical parameters with negative values, indicating that these thermodynamic parameters are of secondary importance in controlling spatial variations in TGF changes.
Among the ocean basins, correlations between TGF and each large-scale parameter are relatively high in WNP and ENP. In particular, although the correlation between TGF and the SST anomaly S a is low in GL, it correlates with TGF stronger in the WNP and ENP than in the global scale. This result indicates that S a may substantially influence TGF in the central Pacific.
Variance among the ensemble experiments
Inter-experimental correlation coefficients between the fractional changes in total TGF and future changes in weighted large-scale parameters are calculated for each basin to evaluate whether differences in model physics or prescribed SST distributions are responsible for total variance in the future changes in TGF and large-scale parameters (Table 4) . Scatter plots between projected fractional changes in total TGF and mean future changes in large-scale parameters are also shown in Fig. 8 (some thermodynamic parameters, NH, and SH are not shown). Among the parameters, only S a is significantly positively correlated globally. S a and projected changes in TGF are also highly correlated for WNP, ENP, and SIO; these high basin-scale correlations appear to cause the high global-scale correlation in turn. In addition to S a , there are some dynamical parameters (e.g., g 850 , V zs , x 500 , and D) that are significantly correlated with TGF changes in some ocean basins. The correlations between thermodynamic parameters (e.g., RH, v, and C d ) and changes in TGF are relatively low, indicating these thermodynamic parameters are of secondary importance for the interexperimental differences. Moreover, the relationships between these parameters and TGF are strongest in WNP and ENP, consistent with the idea that these parameters are also well correlated with TGF changes in terms of their spatial distributions in these basins ( Fig. 7 ; Table 3 ).
The experiments with identical prescribed SSTs are eccentrically located in the panels of Fig. 8 that indicate significant positive correlations, indicating that the largescale parameters are more heavily influenced by differences in the SST spatial patterns than by differences in the cumulus convection schemes. Figure 9 shows the results of a two-way analysis of variance (ANOVA) without replication (Storch and Zwiers 1999) . This analysis reveals the relative contributions of the variances induced by differences in prescribed SST spatial patterns and by differences in the cumulus convection schemes to the total variance. The method decomposes total variance into variance caused by difference in prescribed SSTs, variance caused by differences in the cumulus convection schemes, and residual variance. The method includes a significance test that verifies whether the mean value is affected by the differences in SSTs or cumulus convection schemes. For the TC number (Fig. 9f ) and total TGF (Fig. 9l) , variances induced by differences in prescribed SSTs (red bars) are generally larger than those induced by differences in the cumulus convection schemes (blue bars). This result indicates that difference in SSTs exert a larger impact on variance in projected future changes in TC genesis. Dynamical factors (e.g., Fig. 9g-k) that are highly correlated with TGF changes (Table 4 ) also appear to be more heavily influenced by differences in prescribed SSTs than by differences in the cumulus convection schemes. Future changes in thermodynamic parameters (e.g., Fig. 9a-e) with exception of S a , appear to be heavily dependent on the cumulus convection parameterisation, but these thermodynamic parameters are poorly correlated with the TGF changes (Table 4) . Differences in the SST spatial patterns of prescribed SST appear to be more responsible for variability in the degree of future changes in TGF and TC number. This result holds both at ocean-basin scales and the global and hemispheric scales.
Conclusion and discussions
The 60-km-mesh MRI-AGCM (v3.2) was used to generate ensemble simulations of the present-day (1979-2003, control) and the end of 21st century climates under the IPCC A1B scenario to investigate uncertainties in projected future changes in TC activity at global and ocean-basin scales. The simulations were conducted using three different cumulus convection schemes (the Yoshimura scheme, YS; the Kain-Fritsch scheme, KF; and the Arakawa-Schubert scheme, AS). Future SSTs were prescribed either as the ensemble mean of 18 CMIP3 models or as one of three different SST spatial patterns determined by a cluster analysis of the CMIP3 models.
Results for the control simulations using all three cumulus convection schemes demonstrate that the climatological global distributions of TCs compare reasonably well with observations, although TC genesis numbers simulated at the basin scale by the control simulation using the AS scheme are more heavily biased relative to observations than the control simulations using the other cumulus convection schemes. All three configurations of the model underestimate TC genesis number in the North Atlantic (NAT) and overestimate TC genesis number in the Southern Hemisphere (SH); these biases should be taken into account when evaluating projected future changes in TC activity.
Regardless of differences in model cumulus convection schemes and prescribed SSTs, all ensemble simulations Most of the future experiments consistently indicate reductions in both projected TC frequency (TCF) and TC genesis frequency (TGF) over the western portion of WNP, SIO, and SPO, and increases in TCF and TGF over the central Pacific. The degree of the projected future increases in TGF in the central Pacific correlate well with the prescribed SST anomaly, which is defined as the local SST change subtracted from the tropical mean (30°S-30°N) change. An additional experiment, for which SST are prescribed as a globally uniform increase of 1.83 K relative to the present-day, projects a similar spatial pattern of future changes in TGF to that projected by the multiensemble mean. This result indicates that the spatial contrast in projected future changes in TGF between the WNP and the central Pacific is primarily due to the underlying global warming. This appears to be the result of a weakening of the Walker circulation; this weakening has been reported by multiple previous studies (e.g., Vecchi and Soden 2007a) . We speculate that spatially inhomogeneous changes in SST anomalies act to modify the underlying spatial pattern of changes in TGF that result from the global warming effect.
Changes in dynamical and thermodynamic large-scale parameters were also investigated to better identify the factors responsible for differences in projected future changes in TGF among the ensemble experiments. Variability in projected future changes in global TGF among the ensemble simulations appears to primarily result from differences in the SST anomaly. Large-scale parameters such as lower tropospheric relative vorticity, vertical wind shear, vertical pressure-velocity at 500 hPa, and variance in synoptic-scale disturbances appear to also influence projected future changes in TGF at regional scales; however, thermodynamic parameters, such as relative humidity at 700 hPa, saturation deficit at 700 hPa, and static stability, do not appear to be a major factor. These thermodynamic parameters tend to depend on the selected cumulus convection scheme, while the dynamical parameters are more dependent on the prescribed SSTs. These results suggest that uncertainties in the degree of projected future change in TGF and TC genesis number are more attributable to difference in SST spatial patterns than to differences in model physics. Additional SST ensemble experiments may be needed to reduce these uncertainties.
Model biases in the control simulations could be inherited by the projections of the future changes. Reducing uncertainties will therefore require minimising these biases. Our experiments have not considered coupled atmosphereocean interactions, which are an important component of TC genesis. We have also only considered differences in the cumulus convection schemes for differences in model physics. TC genesis may be sensitive to a number of other parameters and parameterizations, so that different configurations of the multi-model ensemble may yield results that are different from those we have reported here.
